Abstract-We describe recent experimental and theoretical advances in immersion lens microscopy for both surface and subsurface imaging as applied to photonic nanostructures. We examine in detail the ability of sharp metal tips to enhance local optical fields for nanometer resolution microscopy and spectroscopy. Finally, we describe a new approach to nano-optics, that of combining solid immersion microscopy with tip-enhanced focusing and show how such an approach may lead to 20-nm resolution with unity throughput.
I. INTRODUCTION
T HE SEMICONDUCTOR industry has continued to advance at the rapid pace of Moore's Law through continued shrinking of the physical dimensions of the semiconductor devices, which are already at the nanoscale and will soon approach the atomic scale. Recent advances have made it possible to assemble materials and components atom by atom, or molecule by molecule, allowing for controlled fabrication of nanostructures with dimensions of from 3 to 100 nm. Compared to the behavior of isolated molecules or bulk materials, the behavior of nanostructures exhibit important physical properties not necessarily predictable from observations of either individual constituents or large ensembles. Predominant at the nanoscale are size confinement and quantum mechanical behavior observed in optical and electronic properties, as well as distinct elastic and/or mechanical features-properties that have yet to be directly observed in many cases, and whose underlying principles require study. In this paper, we describe the application of high-resolution optical microscopy, in particular solid immersion lens microscopy, to the characterization of nanostructures.
Nano-optics addresses the broad spectrum of optics on the nanometer scale covering technology and basic science, spanning nanolithography to high-density optical data storage in technology, and from imaging individual quantum dots (QDs) to atom-photon interactions in the optical near-field in basic physical sciences. Critical to any discussion of optical microscopy and spectroscopy are the fundamental limitations of conventional microscopy. In case of imaging objects with optical fields propagating in the far field, the basic constraint is the diffraction of light, which limits standard optical microscopy to a spatial resolution comparable to half the wavelength of light (see Fig. 1 ). For imaging objects through a substrate, which is generally opaque for short wavelengths, this limitation becomes more stringent. Imaging guided-wave devices represents even a bigger challenge for conventional microscopy, since light does not couple to the far-field rendering conventional microscopy useless.
Reducing the wavelength or increasing the collected solid angle can improve the spatial resolution of surface microscopy. This has been achieved both with oil immersion and solid immersion lens (SIL) microscopy techniques [1] , [2] , which reduce the wavelength by immersing the object space in a material with a high refractive index. The large in the object space in standard subsurface microscopy of planar samples does not increase the numerical aperture because of refraction at the planar boundary. We have recently developed novel techniques based on a numerical aperture increasing lens (NAIL) [3] to study semiconductors at very high spatial resolution. The techniques we propose below build on both solid immersion and near-field microscopy.
In this paper, we briefly review the basic limitations of standard far-field optical microscopy and recent advances in aperture near-field microscopy. We discuss principles and recent literature in solid-immersion lens microscopy and present our results on subsurface imaging using NAIL. Application of SIL-based microscopy to spectroscopy of QDs is also presented along with the basics of instrumentation. We then discuss theoretical and recent experimental results on an apertureless technique that makes use of the strongly enhanced electric field close to a sharply pointed metal tip under laser illumination, and finally propose a combination of SIL technique with tip enhancement.
II. SPATIAL RESOLUTION IN FAR-FIELD OPTICAL MICROSCOPY
Diffraction limits standard optical microscopy to a spatial resolution of about half the wavelength of light. Fig. 1 shows schematically how a conventional imagining system resolves two closely spaced points. The Rayleigh criterion for resolution prescribes a minimum distance between the two point objects as proportional to wavelength and inversely proportional to numerical aperture [NA , where is the refractive index in the object space and is the half-angle subtended]. Higher resolution can be obtained by using shorter wavelengths similar to the use of short-wavelength optical lithography for semiconductor circuit fabrication. In most microscopy and spectroscopy applications, however, the wavelength cannot be arbitrarily selected as it is determined by the optical properties of the materials under study. For example, optical absorption in silicon limits inspection through the substrate to 1 m, yielding a theoretical lateral spatial resolution limit for standard subsurface microscopy of about 0.5 m.
III. APERTURE NEAR-FIELD MICROSCOPY
In recent years, a proximal probe, aperture microscopy technique called near-field optical microscopy (NSOM) [4] - [7] has extended the range of optical measurements beyond the diffraction limit and stimulated interests in many disciplines, especially material and biological sciences [8] . Aperture scanning near-field microscopy, first described in the early years of the 1900s [9] , is a technique that allows for arbitrarily small details to be resolved by scanning a small aperture over the object. Light can only pass through the aperture, and so the aperture size and its proximity to the object determine the resolution of the system (see Fig. 2 ).
Near-field optical techniques can be applied to probe complex semiconductor nanostructures as well as individual molecules. Recent NSOM studies of materials and devices have addressed issues of laser diode mode profiling, minority carrier transport, near-field photocurrent response of quantum-well structures and laser diodes, imaging of local waveguide properties, and location and studies of dislocations in semiconductor thin films [10] . NSOM studies of nanostructures have revealed novel optical properties of coupled quantum cubes [11] , and self-assembled QDs [12] , the super-resolution providing the necessary spatial discrimination. Work on photonic bandgap systems has also continued, striving to image the localized photon states in the bandgap resonance. Studies have also focused on artificial nanostructures, elucidating the plasmon properties of noble metal particles and waveguides [13] , [14] and polymer nanoparticles [15] .
In the most widely adopted aperture approach [6] , [7] , light is sent down an aluminum-coated tapered fiber tip of which the foremost end is left uncoated to form a small aperture. Unfortunately, most NSOM probes created by heating and pulling have transmissions of 10 due to mode cutoff. The low light throughput and the finite skin depth of the metal are the factors limiting resolution. Furthermore, the input power cannot be increased arbitrarily because a significant fraction of the power is absorbed in the coating and high-power levels result in catastrophic failure of the probe, thus limit the signal-to-noise ratio of small apertures [16] . While NSOM studies with specialized double-tapered probes have overcome some of these limitations [11] , [17] , we focus our attention in this paper on new solid immersion and apertureless techniques with very large optical throughput.
In general then, near-field microscopy is essentially limited by two factors. First, subwavelength apertures transmit a small fraction (10 10 for 100 nm) of the incident light; and second, NSOM is by its very nature a serial technique, with relatively slow image acquisition rates. Combined, these factors restrict the utility of NSOM to experiments where proximity of the probe provides new information (see photonic nanostructures below), and where the source is bright, largely time independent and long lived. As a result, time resolved, pump probe, Raman, and nonlinear spectroscopies are not widespread.
IV. SOLID IMMERSION LENS MICROSCOPY
SIL microscopy [1] improves resolution without the huge loss of light associated with NSOM through the use of a semispherical lens of high index. For some applications such as quantum-dot characterization, the SIL can significantly improve the light collection efficiency beyond that of conventional optical microscopy. This makes it especially attractive for spectroscopy of quantum structures, where both high resolution and large light collection efficiency are requirements. In addition, when the semisphere is index matched to a substrate material, SIL microscopy provides special imaging capabilities for subsurface microscopy, which we demonstrate with silicon integrated circuit metrology. The SIL is a solid plano-convex lens of high refractive index that provides an optimum focus of a Gaussian beam. There are two configurations with a semispherical lens that achieve diffraction-limited performance. One focus exists at the center of the sphere, with incoming rays perpendicular to the surface and is generally termed an SIL [1] (see Fig. 3 ). Also, a second focus exists at a set of aplanatic points [18] a distance below the center of the sphere, and whose rays are refracted at the spherical surface. This type is generally referred to as a super-SIL [19] , or Weierstrass optic [23] . While the super-SIL configuration has a greater magnification ( versus ) and increased numerical aperture, it suffers from strong chromatic aberration. The applications of solid immersion microscopy fall into two categories: surface [1] and subsurface imaging [3] , [20] . In the latter, the SIL (or super-SIL) is used to image objects below the lens and into the sample under study. In this case of subsurface imaging, a good match in index between the lens and substrate must be maintained. SIL microscopy was originally envisioned for optical data storage [21] , but has recently seen several important physics [22] and nanoimaging [23] , [24] applications [25] - [27] .
Solid immersion lenses exploit the existence of a significant amount of light above the critical angle for the high resolution and large collection efficiency. This leads to a unique aspect of surface SIM: When the optical index of the investigated object is smaller than that of the lens material, as is usually the case of most materials, then the plane wave components of the focused wave undergo total internal reflection when impinging the SIL/object interface above critical angle. Total internal reflection (TIR) produces local evanescent waves in the vicinity of the focal point, an aspect that is often put forward in the literature as extending SIM to near-field optical microscopy. However, TIR is also accompanied with an inseparable combination of more subtle phenomena which stem from the slower wave propagation velocity in the SIL material. In solid-state systems, this is referred to as the Goos-Hänchen reflected beam displacement and has an analogy in geological sciences called v. Schmidt's lateral waves [2] . In the Goos-Hänchen effect, the photons that are tunneling into the less optically dense object medium reemerge into the SIL laterally displaced from impinging point. This produces a lateral beam shift of the total internal reflected plane wave components. The v. Schmidt's lateral waves, well known in seismology, trails the diverging reflected wave components originating from the focused spot in the form of a conical wave front in a way similar to the Mach cone in fluid dynamics.
We have found that indeed such TIR-related effects lead to a sizable aberration in the image formation of the focused spot. We have demonstrated that luckily this aberration does not affect the actual size of the probing focused spot. Furthermore, it can be used in conjunction with confocal microscopy in order to greatly enhance the reflected image contrast of low optical index objects. Fig. 4 displays a comparison of theory and experiment of the image of a tightly focused spot at the interface between a high-index SIL and a low-index medium. The results of both indicate that a significant fraction of optical power reflected from the interface is laterally displaced; thus, a confocal arrangement yields higher than expected contrast with lower than expected reflected power. Similarly, the probing spot as defined by the incident waves is tightly focused, as expected [2] .
When imaging below the planar surface of a sample, refraction prevents a conventional optical microscope from operating with a resolution near the diffraction limit. The spatial resolution is not improved by the larger index of the material because light cannot be externally coupled beyond the critical angle. By adding a lens to the backside planar surface of the sample this light can be externally coupled, yielding improved resolution and larger collection efficiency. The imaging quality is greatly improved over that of the surface SIL, because the interface is out of focus. This is the second, subsurface configuration referred to above. We have demonstrated the improvement in resolution that the lens provides by inspection of silicon integrated circuits through the substrate [3] (see Fig. 5 ). Though the lateral spatial resolution can be evaluated from a lateral intensity distribution, the dielectric interfaces in the vertical, or longitudinal direction, create a complicated transfer function that does not facilitate a simple evaluation of the longitudinal spatial resolution. By measuring the modulation transfer function (MTF)-the ratio of object to image contrast-of a laterally periodic structure with longitudinal defocusing, we can test the longitudinal spatial resolution [28] . A line scan of a periodic structure with a spatial frequency of 0.4 m is shown in Fig. 6 . The resulting normalized spatial frequency 0.3. Defocusing the sample by increments of 1 m translates into normalized defocus increments of /(2 ) 0.33. The experimentally measured MTF values are compared to the MTF function the optical system would exhibit if it were diffraction limited in Fig. 6 . The decay in coupling of this spatial frequency indicates the system is close to diffraction limited. With the 5 microscope objective lens and NAIL we have 1.3 m longitudinal spatial resolution, whereas a 100 microscope objective lens has 12 m longitudinal spatial resolution. The spatial resolution improvement laterally is at least a factor of 3.5 while longitudinally it is at least a factor of 12.5. The greatest longitudinal resolution is 280 nm, which would allow vertical sectioning of an integrated circuit's layer structure. 
V. NANOSCALE QUANTUM-DOT SPECTROSCOPY
QDs have received an enormous amount of interest in recent years because they serve as an excellent new system to study basic quantum physics with engineered atomic-like properties [29] - [32] . Coherence, coupling, carrier dynamics and other fundamental properties are only accessible when individual dots are examined experimentally [33] , [34] . For a self-assembled QD sample, the typical QD size is 20 nm and areal QD density is 10 10 /cm . So to excite just a few dots within a small spectral window, the sample area under investigation must be reduced to a few hundred nanometers in size. To accomplish this, one approach is aperturing or focusing the excitation laser tightly to a spot size of that magnitude [22] , [35] , [36] . Another approach is creating a mask or etching a mesa on the sample itself [30] , [37] . The latter technique has the major drawback that spatial scanning and spectral imaging cannot be performed and, thus, the interactions between neighboring dots, diffusion, wave function spatial structure, and other optical properties cannot be investigated. Here, we will address the former method in additional detail.
Near-field scanning optical microscopy (NSOM) has been used to probe a small number of QDs. Saiki's group used NSOM to investigate the homogeneous linewidth broadening of single InGaAs QD at room temperature with a spatial resolution of 250 nm, which is determined by the aperture diameter of NSOM tip [35] . For the past five years, our group has used NSOM to investigate the physics of self-assembled QDs (SADs) at low temperature. The resolution provided by NSOM allows the interrogation of individual QDs, even in the density regime where dot-to-dot coupling occurs. We have studied pressure-induced strain tuning of individual QDs [36] , observation and mapping of spectral diffusion in individual QDs [38] , and examined interdot coupling [12] , likely due to extended hole states [39] .
However, the throughput of NSOM is low and cryogenic NSOM experiments complex. Solid immersion microscopic techniques have been developed to overcome these limitations of NSOM but still provide similar ultrahigh spatial resolution [23] , [27] , [40] . Grober's group has implemented solid immersion lens in imaging spectroscopy of quantum well and QDs, achieving a spatial resolution of 240 nm [40] .
Our group is utilizing backside immersion microscopy (NAIL technique, see Section III [3] ) and scanning confocal microscopy to investigate the physics of InGaAs QDs, especially the dynamics of excitons in QDs [41] , decoherence [42] , and coupling between QDs [32] (see Fig. 7 ). The numeric aperture of the system is increased by 13 achieving a spatial resolution of 120 nm. Due to the high NA of our system, the collection efficiency will be large enough to perform time resolved PL experiments as well pump-probe experiments on individual dots without resorting to aperture, mask, or etched mesa techniques.
VI. TIP-ENHANCED NEAR-FIELD OPTICAL MICROSCOPY
In aperture-type near-field optical microscopy, light is sent down an aluminum-coated fiber tip of which the foremost end is left uncoated to form a small aperture [6] . Unfortunately, only a tiny fraction of the light coupled into the fiber is emitted through the aperture because of the cutoff of propagation of the waveguide modes [16] . The low light throughput and the finite skin depth of the metal are the limiting factors for resolution. Nowadays, it is doubted that an artifact-free resolution of 50 nm will be surpassed by the aperture technique. However, many applications in nanotechnology require higher spatial resolutions.
Recently, a new apertureless technique has been introduced to overcome the limitations of aperture probes [43] , [44] . The technique makes use of the strongly enhanced electric field close to a sharply pointed metal tip under laser illumination. The energy density close to the metal tip can be strongly increased over the energy density of the illuminating laser light. The tip is held a few nanometers above the sample surface so that a highly localized interaction between the enhanced field and the sample is achieved. In order to obtain a high image contrast, nonlinear optical interactions based on multiphoton processes have been used. With this technique, spectroscopic measurements with spatial optical resolutions on the order of 10 nm have been achieved [44] . To date, this is the highest reported spatial resolution of a spectroscopic measurement (see Fig. 8 ).
The use of laser-illuminated metal tips for near-field imaging has been discussed by many groups but most of the work has been limited to light scattering at the metal tip. The tip locally perturbs the fields at the sample surface; the response to this perturbation is detected in the far-field at the same frequency of the incident light. Homodyne detection using lock-in techniques is commonly applied to discriminate the signal against the background. Interference with a reference field has been introduced to increase the contrast and it has been demonstrated that more specific information can be extracted by detecting the scattering signal at higher harmonics of the vibration frequency. In general, the detected signals contain both near-field and far-field contributions, and often are dominated by topographic rather than The field enhancement is driven by the electric field polarized along the tip axis (longitudinal field). This field is zero for an on-axis Gaussian laser mode whereas it can become stronger than the transverse field for a HG mode. Calculations based on the MMP method [46] . spectroscopic information. The interpretation of the contrast in the recorded images is therefore difficult.
Instead of using the metal tip as a local scatterer, it can also be used as a local light source if proper polarization and excitation conditions are met. The field near the tip apex can become strongly enhanced over the field of the illuminating laser light thereby establishing a nanoscopic light-source [45] . Thus, instead of using a tip to locally scatter the sample's near-field, the tip is used to provide a local excitation source for a spectroscopic response of the sample [44] . This approach enables simultaneous spectral and subdiffraction spatial measurements, but it depends sensitively on the magnitude of the field enhancement factor. The latter is a function of wavelength, material, geometry, and polarization of the exciting light field. Although theoretical investigations have led to a wide range of values for the field enhancement factor these studies are consistent with respect to polarization conditions and local field distributions. Fig. 9 shows the field distribution near a sharp gold tip in water irradiated by two different monochromatic plane-wave excitations calculated by the multiple multipole (MMP) method [46] . The wavelength of the illuminating light is 810 nm and the corresponding dielectric constant of gold tip is 24.9 1.57 . In Fig. 9(a) , the tip is irradiated from the bottom by an on-axis fundamental Gaussian beam for which the polarization is perpendicular to the tip axis. On the other hand, in Fig. 9 (c) the tip is irradiated by a focused, on-axis Hermite-Gaussian (1,0) mode which possesses a strong longitudinal field at the center of its focus [47] . Fig. 9(b) and (d) show corresponding cuts along a transverse line 1 nm beneath the tip. A striking difference is seen for the two different excitations: in Fig. 9(c) , the intensity near the tip end is strongly increased over the illuminating intensity, whereas no enhancement beneath the tip exists in Fig. 9(a) . This result suggests that it is crucial to have a large component of the excitation field along the axial direction to obtain a high field enhancement. Calculations of platinum and tungsten tips show lower enhancements, whereas the field beneath a dielectric tip is reduced compared to the excitation field.
The incident light drives the free electrons in the metal along the direction of polarization. While the charge density is zero inside the metal at any instant of time ( 0), charges accumulate on the surface of the metal. When the incident polarization is perpendicular to the tip axis, diametrically opposed points on the tip surface have opposite charges. As a consequence, the foremost end of the tip remains uncharged. On the other hand, when the incident polarization is parallel to the tip axis, the induced surface charge density is rotationally symmetric and has the highest amplitude at the end of the tip. In both cases, the surface charges form an oscillating standing wave (surface plasmons) with wavelengths shorter than the wavelength of the illuminating light indicating that it is essential to include retardation in the analysis.
The magnitude of the field enhancement factor is crucial for imaging applications. The direct illumination of the sample surface gives rise to a far-field background signal. If we consider an optical interaction that is based on a th-order nonlinear process and assume that only the sample surface is active, then the far-field background will be proportional to where is the illuminated surface area and is the laser intensity. The signal that we wish to detect and investigate (near-field signal) is excited by the enhanced field at the tip. If we designate the enhancement factor for the electric field intensity ( ) by then the near-field signal of interest is proportional to where is a reduced area given by the tip size. If we require that the signal be stronger than the background ( 1) and use realistic numbers for the areas [ (10 nm) , (500 nm) ] then we find that an enhancement factor of is required. For a first-order process ( 1) such as scattering or fluorescence, an enhancement factor of 50 is required which is beyond the calculated values. Therefore, it is necessary to involve higher order nonlinear processes. For a second-order nonlinear process, the required enhancement factor is only 7. This is the reason why the first experiments have been performed with two-photon excitation [44] . To maximize the field enhancement, various alternative probe shapes and materials have been proposed. It has been determined that finite-sized elongated shapes exhibit very low radiation damping and, therefore, provide very high enhancement factors [48] , [49] . Even stronger enhancements are found for tetrahedral shapes [50] .
In fluorescence studies, the enhanced field is used to locally excite the sample under investigation to a higher electronic state or band. Image formation is based on the subsequent fluorescence emission. However, the fluorescence can be quenched by the presence of the probe, i.e., the excitation energy can be transferred to the probe and be dissipated through various channels into heat [51] . Thus, there is a competition between field enhancement and fluorescence quenching. The nonradiative energy transfer rate from molecule to the tip depends on the inverse sixth power of the distance between tip and molecule, similar to the case of Förster energy transfer. However, the excitation rate of the molecule also depends on , since it is proportional to the square of the electric near-field. Hence, for small distances from the tip, there should be no distance dependence of the fluorescence rate of a single molecule if excited by a single photon. Of course, this is a rough estimate and more accurate calculations are needed to understand the interplay between field enhancement and quenching.
While quenching is an issue in fluorescence imaging, there are various applications in near-field optics that are not sensitive to such a competing process. For example, we believe that the combination of field enhancement and nonlinear optical interactions is very promising for technological applications, such as semiconductor mask inspection and lithography. In the past, it has been proposed to perform nanolithography with the sharp tip of an atomic force microscope. However, this is an intrusive technique since it is based on a mechanical interaction between probe and sample. The optical tip-enhanced technique should be able to achieve comparable resolution, and since it is based on an optical interaction, it does not require a physical contact between probe and sample. Since the optical writing in most photoresists is based on nonlinear processes, the prerequisites for this technique are readily met. Furthermore, the technique benefits strongly from the existing knowledge of conventional optical lithography.
Optical data storage based on a solid immersion lens (SIL) has proven to be a fast technique since it does not rely on piezo-positioning. Instead, a constant tip-sample distance is maintained by the air cushion formed between the end-face of the SIL and the rotating sample surface. In the past, we have analyzed the focusing capabilities of SILs [2] and determined the polarization properties. To study the effect of local field enhancement in combination with SIL, we carried out rigorous calculations based on Maxwell's equations using the MMP method [46] . An example of these results is shown in Fig. 10 . A radially polarized laser beam is focused on the interface of an optical element with a flat surface. A tip-shaped aluminum particle is placed in close proximity to the surface of the optical element. The end diameter of the tip-shaped particle is 10 nm and the distance to the surface of the optical element is 5 nm. The incoming radially polarized laser light has a wavelength of 800 nm. The figure shows contour lines of constant electric field intensity on a logarithmic scale. The linecuts below Fig. 10(c) represent the electric field intensity 1 nm above the surface of the optical element for the case with and without the tip-shaped particle. This figure demonstrates the much smaller spotsize that can be achieved by using a small structure to enhance the fields. In this particular example, the optical data density can be increased by roughly a factor of 900. Fig. 11 shows schematically the practical implementation of a tip-enhanced solid immersion lens (TESIL). The metal tip is replaced by a favorably shaped particle located close to the SIL's planar surface and irradiated by a radially polarized laser beam which provides the necessary polarization conditions. The TESIL is built using conventional silicon microfabrication. First, SIL lenses are bonded on the back surface of a 100-m silicon wafer, and a thin layer of resist is deposited on the front surface of the wafer. A small hole (or holes) is made in the resist by an electron or ion beam. After metal deposition and removal of the resist, the small resulting metal particle is (1) Incoming laser light with a mode profile that provides an electric field in its focal region perpendicular to the surface of the optical element, (2) focusing lens, (3) focused laser light, (4) optical element, (5) small structure able to locally enhance the electric field of the incoming laser light, (6) sample surface to be optically interacted with, and (7) localized optical interaction.
protected by a silicon nitride coating. The concept extends to parallel imaging. With a grid of particles of separation greater than half a wavelength, conventional beam-steering methods could be used to address the particles one at a time, or multiple beams could be used for faster read/write.
VII. CONCLUSION
Recent experimental and theoretical advances in immersion lens microscopy has identified the physical basis for the reflectivity of a tightly focused spot at an immersion lens interface, and shown how subsurface imaging can fully utilize the properties of a super-SIL for silicon IC inspection. An interesting application of the NAIL is high-resolution, high collection for the spectroscopic study of QDs. In the area of tip-enhanced optical fields, we have addressed the main issues regarding necessary excitation power to lead to our new implementation of combining an SIL with tip-enhanced optical fields. In this later case, we project nanometer-scale lateral resolution for unity throughput, a goal unreachable by any other means of which we are aware.
